Abstract-Electromagnetic interference (EMI) has a negative effect upon the performance of circuit communication systems. The present study considers the case of EMI induced in a conducting wire, and derives equations to establish the effect of the EMI on a bistable multivibrator. The validity of the equations is verified experimentally. The results indicate that the degree of influence of the EMI on the bistable oscillator depends on the interference power, the interference frequency, the induced power, the output resistance of the circuit, and the parasitic capacitance. Moreover, it is shown that the harmonic noise increases with an increasing interference amplitude and frequency. The theoretical results are found to be in good agreement with the experimental data.
INTRODUCTION
Since digital circuits can only exist in one of two different discrete binary states, i.e., "on and off" or "high and low", they are more reliable than their analogue counterparts, whose characteristics and states are continuous. As a result, digital IC devices are widely used in many fields throughout engineering and industry. In developing IC circuits, the sensitivity of the device performance to external factors such as the component values, component aging, the ambient temperature, interference signals, EMI and shielding has attracted particular attention. With the prevalence of Radio Frequency (RF) applications [1, 2] nowadays, such as TVs and radios, amateur radio, wireless "walkie-talkies", cell phones, wireless remote controllers, Blue Tooth communication systems [3, 4] , and so on, the environment is rapidly becoming saturated with electromagnetic waves. Some of these electromagnetic waves, termed as "signals", are useful and necessary in that they fulfill a specific design purpose. However, others are undesirable since they interfere with the performance of other electrical or electronic devices. For example, it is well known that a cell phone used in close proximity to a computer may cause a distortion of the image on the screen or a static blast from the speakers. Similarly, cell phones may disrupt the delicate flight instrumentation onboard an aircraft and are therefore banned in flight. Finally, in a communications/broadcasting context, interference may be manifested in the form of "cross talk", a phenomenon in which the conversations of others are detected when speaking over the cell phone, or may result in the reception of two different radio stations at the same frequency. Whilst in some cases, the effects of EMI are no more than a minor irritant (e.g., the screen distortion caused by the use of a wireless emitting device near a TV), in others, they may be potentially lethal (e.g., the use of a cell phone onboard an aircraft). As a result, it is essential that the effects of EMI on common electronic components are thoroughly understood [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Accordingly, the present study considers the EMI response of a bistable multivibrator, a component with wide-ranging applications in the electronics field, including Ref. [20] [21] [22] . In a normal indoor environment, the intensity of the low frequency electromagnetic waves is greater than that of the high frequency waves, i.e., 0.03 µT and 0.0067 µT, respectively (as measured by the current authors using CA40/43 instrumentation (Chauvin Arnoux, France)). Therefore, in analyzing the effects of EMI on the bistable multivibrator, the present analyses focus specifically on the effects of low frequency EMI. Figure 1 illustrates the experimental setup used in this study to measure the interference noise spectrum induced in the bistable multivibrator. The arrangement has the advantage that both the amplitude and the frequency of the EMI noise can be easily controlled. As shown, the experimental system was shielded within a metal case to suppress the effects of external noise, and the amplifier and current source were both battery operated. In the experiments, EMI with a frequency ranging from 200 ∼ 900 Hz and an amplitude between 0.2 V and 0.9 V was induced in a conducting wire (CW) positioned in the air gap of a ferromagnetic toroid wrapped with a current-carrying coil, where CW is a circular wire with aluminum alloy material, the diameter is 0.001 m. The EMI interference was detected initially as radiated noise, amplified by a 73.98 dB low-noise pre-amplifier such that it could be detected using an oscilloscope, and then coupled in series with the bistable multivibrator in the form of conducted noise. The EMI signals were transmitted to the oscilloscope via a circuit coupling and were then passed to a spectrum analyzer (model HP E4440A) controlled by a PC via an IEEE-488 bus in order to obtain the time domain and frequency spectrum plots of the interference signals.
EXPERIMENTAL SETUP

THEORETICAL ANALYSIS
Multivibrators are two-state, digital circuits which employ positive feed-back during state changes. Three different classes of multivibrator exist, namely bistable, monostable, and astable. The bistable multivibrator, also known as a flip-flop, latch or binary circuit, is characterized by two stable states, which persist indefinitely unless deliberately changed. Of all the multivibrators, the bistable multivibrator is one of the most commonly used (typically for applications such as single bit information storage), and is therefore chosen for analysis purposes in the present study. Figure 2 presents the basic circuit of a bistable multivibrator. Let the logical output state of the multivibrator be denoted as Q. When Q = 1, the inverter has a complementary logical output, i.e.,Q=0. This state Figure 2 . Bistable multivibrator circuit.
Basic Parameters of Bistable Multivibrator
persists until an excitation signal is applied, at which point it flip-flops to the complementary value. This new state is then maintained until a further excitation signal is applied, and so on. As shown in Fig. 2 , the multivibrator circuit is symmetrical, i.e.,
, and C 3 = C 4 , Q 1 and Q 2 are the same type, but which is impossible to have the same characteristics. Furthermore, transistors Q 1 and Q 2 are of same type, but have different characteristics such that when one is "on", the other is "off".
Circuit Design
Assume that when the power is initially turned on, Q 1 is "on" and Q 2 is "off". Assume also that V CE1(sat) = 0.2 V and R C1 = R C2 = 1 K . From the circuit, it can be shown that
Obtain
From Kirchhoff's voltage law, it follows that
Electromagnetic Interference
In the present study, the interference source has the form of a currentcarrying coil wound on a ferromagnetic toroid with an air gap. When a current is passed through the coil, an EMI voltage of magnitude V eff is induced in a conducting wire (CW) positioned within the air gap. The magnetic field density and flux density in the air gap are given respectively by [23] 
where µ 0 is the permeability of free space, µ is the permeability of the ferromagnetic material, I 0 is the current within the coil, r 0 is the mean radius of the toroid, and l g is the width of the air gap. The value of P rB represents the average energy per second of the interference on the CW, and can be calculated from Eq. (10) or measured directly. In general, any periodic signal can be represented by the following complex Fourier series:
where
In the present experiments, the input signal of the ferromagnetic toroid has the form of a periodic square wave, as shown in Fig. 3 . In this case, the following Fourier transform applies:
and
Substituting Eqs. (14) and (15) into Eq. (11) gives Figure 4 shows the equivalent circuit of the ferromagnetic toroid. The following admittance can be obtained:
From Eq. (9), it can be shown that
(20) Figure 5 shows the equivalent circuit of the experimental measurement system. The V out signal supplied to the oscilloscope and signal analyzer is given by where
From the above, it can be shown that
where the constant C 3 is the effective inducted coefficient. Eq. (29) shows that the magnitude of the EMI-induced noise is governed by the pulse height, the output load, the parasitic capacitance, the interference frequency and the interference amplitude.
Noise Analysis
Conducting wires render IC circuits highly susceptible to the effects of electromagnetic interference and noise [24] [25] [26] [27] [28] [29] . When a periodic square wave is applied across points A and B in Fig. 1 , the CW in the air gap of the ferromagnetic torroid induces a pulse voltage in the bistable multivibrator circuit, which in turn produces a response noise spectrum. Fig. 6 shows the typical response wave for a periodic pulse with a period T . The periodic pulse function can be analyzed by taking the discrete Fourier transformation of function S n , where S n is a function of A 1 and A 2 (i.e., the pulse heights), i.e.,
in which n is an integer, ω = 2πf = 2π/T , a is the attenuation factor of the exponential function, and A 1 and A 2 are the amplitudes of the upper-half and lower-half periods of the EMI induced by the CW, respectively. The amplitude spectrum of the EMI current can be obtained by plotting S n against discrete frequencies, i.e., ωn. The square of S n has dimensions A 2 and corresponds to the current power spectrum S iλ (f n ) over 2T [30] . Figure 7 shows the Norton equivalent output circuit of the bistable multivibrator, where C ce is the parasitic capacitance between the drain and the source. Let V ce = V C and C ce = C, then
where 
From which it can be shown that
Therefore, the noise power spectrum, S ∆V c (f n ), of the bistable multivibrator induced by the EMI is given by
where Figure 8 . Output equivalent circuits of (a) EMI signal and (b) bistable multibibrator signal.
From Eqs. (5), (12) and (13), it can be shown that
The total noise power induced in the bistable multivibrator can be obtained by summing S ∆V c (f n ) over all possible integers, n. In identifying the relative magnitudes of the various harmonic components within the power spectrum, the present analysis first finds the value of A (the pulse height) from the measured power spectral intensity of the fundamental harmonic and then evaluates the power spectral intensities of the higher-order harmonics. Adopting this approach, the typical experimental response wave shown in Fig. 6 can be transformed into the noise spectrum shown in Fig. 9 and the value of the EMI then quantified directly.
Effects of Basic Bistable Multivibrator Frequency on Output Power
The basic output frequency of a bistable multivibrator has the form of a square wave. Generally speaking, the effects of the basic output frequency on the noise power spectrum of the multivibrator can be mitigated using an impedance-matching method. Fig. 8(a) shows the output equivalent circuit of the EMI signal supplied to the oscilloscope or signal analyzer, where Fig. 8(b) shows the equivalent circuit of the bistable multivibrator square wave output signal, where 
Here, P BM /P EM I = 0.0046. In other words, the output power of the bistable multivibrator is negligible compared to that of the EMI induced signal and can therefore be neglected. Fig. 9 compares the experimental and simulation results for the harmonic wave component of the noise spectrum induced in the bistable multivibrator by EMI with an amplitude of V P = 0.4 V and a frequency of f = 500 Hz. Again, a good agreement is observed between the two sets of results. To further investigate the effect of EMI on the noise spectrum induced in the bistable multivibrator, the amplitude of the AC interference signal was varied between 0.2 V and 0.9 V while the frequency was maintained at a constant f = 500 Hz. Fig. 10 presents the corresponding experimental and simulation results for the odd-order harmonics of the induced noise spectrum. Note that in obtaining the simulation results using Eq. (42), A 1 ranges from 5364 ∼ 33006 µA while A 2 ranges from 5514 ∼ 33930 µA. It is observed that a good agreement is obtained between the experimental and simulation results at all values of V p . Table 1 compares the measured and simulated peak values of the harmonic components of the maximum noise power spectral intensity for EMI with amplitudes in the range V P = 0.2 ∼ 0.9 V and a constant Figure 12 . Experimental and simulation results for odd-order harmonics of noise spectrum induced by EMI interference frequency of 300 ∼ 700 Hz and variable amplitude parameters A 1 and A 2 (see Table 3 ). (Simulation results computed using Eq. (42) shown using filled symbols.) frequency of f = 500 Hz, i.e., the harmonic value varies only as a function of the interference amplitude while the remaining parameters are constant. Table 2 compares the experimental and simulation results for the maximum noise power spectral intensity for EMI frequencies in the range 200 ∼ 900 Hz and a constant interference amplitude of A 1 = 15565 µA and A 2 = 16001 µA, i.e., the noise power spectral intensity varies only as a function of the AC interference frequency while the other parameters remain constant. Fig. 11 presents the experimental and simulation results for the odd-order harmonics of the noise spectrum induced by EMI interference with a frequency of 300 ∼ 700 Hz and an amplitude of V p = 1 V. Although a −2 dB difference is observed between the two sets of results, it is clear that the EMI frequency has a significant effect upon the noise response of the multivibrator. By tuning the amplitude parameters in recognition of the fact that a variable EMI frequency affects both the attenuation factor and the induced wave type, the same degree of simulation accuracy as that shown in Fig. 10 can be obtained, as shown in Fig. 12 and Table 3 . In other words, the EMI frequency is a function of the EMI amplitude, as proven in Eqs. (29) and (42). Although Fig. 11 shows that the frequency has a significant effect on the odd-order harmonic waves, i.e., Eq. (42) denotes dω/dA 1 = 0 and dω/dA 2 = 0 for the nonlinear function S ∆V c (f n ), Fig. 9 shows that the difference between the experimental and simulation results for the variable amplitude case is less than that for the variable frequency case. In other words, the amplitude of the EMI has a greater effect on the noise response of the bistable multivibrator than the EMI frequency. In practice, this finding implies that the parasitic capacitance and the dynamic input resistance of the multivibrator vary with a varying frequency. If we want to probe the more accuracy of Fig. 10 , the attenuation factor a must be considered as a variable of power spectral intensity function. We take a curve of V P = 0.2 V in Fig. 10 to illustrate the result. Table 4 shows the noise power spectral intensity varies as a function of the AC interference frequency, amplitude and attenuation factor a, we can find that the simulation of curve b and c in Fig. 13 reveal the more accuracy than curve a. In general, the simulation and experimental results presented above indicate that the magnitude of the EMI induced by the CW is affected by the amplitude, frequency and period of the interference signal, the drain resistance and parasitic capacitance of the multivibrator, the output load, and parameter a. Table 5 indicates the relative signal-to-noise (SNR) ratio of the multivibrator for interference amplitudes in the range V P = 0.2 ∼ 0.9 V, a constant frequency of f = 500 Hz and a reference signal Si of 10 µA. The CW used in the present EMI experiments has a length of 1 cm. Thus, if the CW in a practical electrical circuit has a length of 1 m (say), the EMI effects will potentially be magnified 100 times compared to that observed in the present study. For example, assuming an induced current of 3.157 µA, a CW of length 1 cm, and a load resistance of 45 Ω, the induced voltage is 142 µV. This value may then be amplified by up to 1000 times in a practical system, and thus a significant EMI effect occurs. According to CISPR 11 (The International Special Committee on Radio Interference), EMI should be limited to no more than 110 dBµV in the interference frequency range 0.009 ∼ 0.050 MHz, equivalent to a voltage of 316227 µV. As a result, a useful design guideline of 2.226 cm for the maximum length of the CW in bistable multivibrator circuits can be inferred. The basic theorem presented in this paper is applicable to different circuits. However, the actual derived formulae are specific to the particular circuit. If the EMI perturbs the Wien bridge oscillator (WBO) as Fig. 14 , the same results as those obtained in the present discussions. Fig. 15 compares the experimental and simulation results obtained for the harmonic components in the noise spectrum of a WBO for V P = 0.3 V ∼ 1.0 V. Comparing these results with those presented in Fig. 10 for the bistable multivibrator, it can be seen that the results are broadly similar. However, the function level is somewhat higher due to the different parameters of the two circuits.
RESULTS AND DISCUSSION
The preceding discussions have considered the effects of low frequency interference. However, as shown in the following, the basic theorems developed in this study can also be applied to the case of high frequency interference. Fig. 16 shows that a good agreement is obtained between the experimental results and the simulation results for the noise spectrum responses induced by EMI with a frequency of 500 kHz with V p = 0.4 ∼ 1.6 V of MOSFET circuit. Simulation Figure 13 . The noise power spectral intensity varies as a function of the AC interference frequency, amplitude and the attenuation factor a with Table 4 data. Figure 16 . Experimental and simulated results at 500 kHz with V p = 0.4 V to 1.6 V of MOSFET circuit.
CONCLUSIONS
Experimental and theoretical methods have been used to characterize the noise spectrum of a bistable multivibrator subject to periodic EMI induced via a CW. A good agreement has been observed between the experimental and simulation results for the noise spectral intensity of the bistable multivibrator in both the time domain and the frequency domain. In general, the results have shown that the noise response of the multivibrator is significantly affected by EMI. Specifically, the degree of the EMI effect on the bistable oscillator is determined by the radiated power and the following circuit parameters:
, R L and C. Furthermore, it has been shown that the magnitude of the induced interference current increases with an increasing interference frequency and an increasing interference amplitude. Of these two characteristics, the amplitude has a greater effect on the noise response of the multivibrator than the frequency. However, a variable EMI frequency influences both the attenuation factor and the induced wave type. In accordance with CISPR and EN norms, the results presented in this study imply that the CWs used in practical bistable multivibrator circuits should not exceed a length of 2.226 cm. Whilst the methods outlined in this study have focused specifically on the case of bistable multivibrators, they are equally applicable to the EMI analysis of all general wavelength-based electronic devices.
